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A B S T R A C T   
Nature-based solutions (NBS) are increasingly being implemented as suitable approaches for reducing vulnera-
bility and risk of social-ecological systems (SES) to hydro-meteorological hazards. Understanding vulnerability 
and risk of SES is crucial in order to design and implement NBS projects appropriately. A systematic literature 
review was carried out to examine the suitability of, or gaps in, existing frameworks for vulnerability and risk 
assessment of SES to hydro-meteorological hazards. The review confirms that very few frameworks have been 
developed in the context of NBS. Most of the frameworks have emphasised social systems over ecological sys-
tems. Furthermore, they have not explicitly considered the temporal dimension of risk reduction measures. The 
study proposes an indicator-based vulnerability and risk assessment framework in the context of NBS (VR-NBS) 
that addresses both the above limitations and considers established NBS principles. The framework aims to allow 
for a better consideration of the multiple benefits afforded by NBS and which impact all the dimensions of risk. A 
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list of 135 indicators is identified through literature review and surveys in NBS project sites. This list is composed 
of indicators representing the social sub-system (61% of total indicators) and the ecological sub-system (39% of 
total indicators). The list will act as a reference indicator library in the context of NBS projects and will be 
regularly updated as lessons are learnt. While the proposed VR-NBS framework is developed considering hydro- 
meteorological hazards and NBS, it can be adapted for other natural hazards and different types of risk reduction 
measures.   
1. Introduction 
Natural hazards such as floods, droughts and heatwaves pose threats 
to social-ecological systems (SES) around the world. In most cases, 
floods and droughts are caused by a combination of naturally occurring 
extreme weather events and anthropogenic activities [1–3]. The 
increasing pressures of urbanization, food production and economic 
activities are contributing to the degradation of regulatory functions of 
natural ecosystems that normally help to maintain hydrological cycles 
[4,5], causing e.g. increased flooding [1,6]. Furthermore, global climate 
change is aggravating the severity of hydro-meteorological hazards to-
wards extremes that can irreversibly alter natural ecosystems [7]. 
Against this backdrop, understanding the vulnerability and risk of SES to 
natural hazards requires an in-depth systematic analysis, based on 
which risk mitigation measures can be proposed [8]. 
Over the last centuries, man-made engineering structures have been 
deployed to reduce the risk associated with natural hazards. For 
instance, levees, dams, river channelization and artificial drainage sys-
tems have been built to mitigate floods and droughts [9–11]. However, 
these conventional risk mitigation measures, based on engineered 
structures that primarily give priority to social and economic needs, 
have often negatively affected ecosystems in the long term [12,13]. 
Nature-based Solutions (NBS) for reducing risk have been con-
ceptualised more recently [14–17], showing promising results in terms 
of risk reduction and biodiversity preservation [18]. However, NBS 
approaches are yet to be established as broadly accepted suitable risk 
mitigation measures with demonstrated benefits. 
NBS are considered an umbrella concept that encapsulates various 
ecosystem-based approaches [18], such as Ecosystem-based Adaptation 
(EbA), Ecosystem-based Disaster Risk Reduction (Eco-DRR), Green 
Infrastructure and Natural Infrastructure, used to address ecological 
degradation, risks from natural hazards, and climate change adaptation. 
The International Union for Conservation of Nature (IUCN) define NBS 
as “actions to protect, sustainably manage and restore natural or 
modified ecosystems, which address societal challenges (e.g. climate 
change, food and water security or natural disasters) effectively and 
adaptively, while simultaneously providing human well-being and 
biodiversity benefits” [18]:2). The European Commission (EC) also 
provides a definition for NBS which places particular emphasis on 
resource-efficiency and socio-economic benefits along with environ-
mental benefits [19]. To support uptake and implementation of NBS, 
IUCN proposed a set of general principles that were endorsed by IUCN, 
which should be considered by experts developing NBS globally [18]. 
The principles focus on balancing ecosystem conservation as well as 
socio-economic benefits in a fair and equitable manner and with broad 
societal participation. While the principles form the general basis of 
characterizing NBS, there is no specific reflection to mitigating or 
reducing vulnerability and risk of SES to natural hazards by NBS. 
However, these are central to concepts such as Eco-DRR and EbA. IUCN 
will release the standards for NBS in 2020 [20]. 
In parallel to the development of the IUCN NBS principles, the World 
Bank proposed comprehensive guidelines for the implementation of NBS 
to reduce flood risk [21]. This guideline proposed an assessment of flood 
risks and benefits of a full range of solutions (i.e. not limited to green 
solutions only) as one of the five overarching principles before making a 
final decision on risk reduction approaches. Also, in 2017, Friends of 
EbA (FEBA) published a framework for qualification criteria and quality 
standards for EbA. The framework consists of a first attempt at providing 
guidance as to what EbA should be and what it is not. Two of the 
qualification criteria emphasise that EbA should reduce social and 
environmental vulnerabilities as well as facilitate climate change 
adaptation [22]. Finally, in 2019, the Convention for Biological Di-
versity (CBD) published voluntary guidelines for ecosystem-based ap-
proaches to climate change adaptation and disaster risk reduction [23]. 
All these partially overlapping and at times complementary sets of 
principles and guidelines are relevant to the acceptance of NBS at global 
scale because they address knowledge gaps and provide explicit guid-
ance to decision-makers on planning for and implementation of NBS in 
the context of climate change adaptation and disaster risk reduction. 
While most of the above-mentioned principles and guidelines 
address the disaster risk reduction role of NBS, designing appropriate 
NBS to reduce disaster risks requires a better understanding of the 
exposure, vulnerability and risk of SES. In order to understand the 
complex interaction of natural hazards and SES, it is essential to conduct 
vulnerability and risk assessments considering both environmental and 
socio-economic conditions related to natural hazards and climate 
change risks at a location [24]. In recent years, a wide range of 
vulnerability and risk assessment approaches/frameworks/tools have 
been developed [25] to determine SES vulnerability and risk to natural 
hazards. These include the SUST model [26], MOVE framework [27] 
and the Delta-SES vulnerability assessment framework [28]. Most of 
these approaches have emphasised both ecosystems/the environment 
and social systems in determining risk. Despite this, in most cases, 
capturing the ecosystem component in these frameworks through e.g. 
indicators is overshadowed by the social components [28,29]. This is 
problematic in itself if a comprehensive characterization of an SES is to 
be achieved, but constitutes a bottleneck when NBS are to be considered 
for risk reduction measures as both (1) the opportunity for NBS to 
contribute to hazard reduction (e.g. in terms of frequency and magni-
tude), exposure, and vulnerability and (2) the level of dependence on 
ecosystem services cannot be explicitly captured. In this case, it is indeed 
essential to understand in more detail the exposure, susceptibility and 
robustness of the ecosystems themselves as well as the interaction be-
tween social and ecological systems through the provisioning of 
ecosystem services. The objective of this review paper is therefore to 
explore the current state of knowledge in vulnerability and risk assess-
ments (frameworks and indicators) to natural hazards in the context of 
NBS implementation, and propose a conceptual framework and a pre-
liminary list of indicators for this purpose. This paper presents the 
findings of part of a research project funded by the European Commis-
sion (under the H2020 framework) entitled ‘OPEn-air laboRAtories for 
Nature baseD solUtions to Manage hydro-meteo risks (OPERANDUM)’ 
in which NBS will be implemented for reducing risk to 
hydro-meteorological hazards in various Open-Air Laboratories (OALs) 
(https://www.operandum-project.eu/). 
Section 2 of the paper describes the approach to the systematic 
literature review carried out in this study. In section 3, the findings of 
the review related to existing vulnerability and risk assessments 
frameworks are described and the major gaps in the frameworks in the 
context of NBS are identified. In section 4, a modified vulnerability and 
risk assessment framework is proposed in the context of developing NBS 
for reducing risk to natural hazards. Finally, a set of indicators for 
vulnerability and risk assessment is proposed in section 5. The paper 
finishes with a discussion of the findings and a conclusion. 
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2. Methodology 
A systematic literature review of journal articles was carried out in 
Scopus and later supplemented with grey literature found in Google 
Scholar to determine the state of the art in terms of vulnerability and risk 
assessment in the context of NBS. Initially, a list of possible keywords 
was drafted, focusing on three main categories: a) risk components, b) 
types of NBS, and c) assessment elements. Risk components were taken 
from the IPCC AR5 [30] (see definitions of the risk components in 
Supplementary material S1), while a list of types of NBS was taken from 
a recent IUCN report [18]:10). Comprehensive vulnerability and risk 
assessments should be grounded in explicitly defined theory, often in the 
form of a conceptual framework [31]. Thus, although assessments were 
considered in the literature review, the keywords “framework,” 
“concept*“, “model”, and “tool” were also included in the third cate-
gory. Furthermore, the keyword “indic*” was added to the list as com-
posite indicators are commonly used in such assessments [29,32]. 
Given the rapid evolution of terminology used to describe concepts 
of NBS, and the fact that most publications on the topic are relatively 
recent [18], the search was limited to articles published from 1990 to 
2018. As the study mainly focused on hydro-meteorological hazards, 
irrelevant papers in other fields of research that employ terms such as 
risk, vulnerability, and indicator were removed by adding a number of 
exclusionary terms to the search, using the AND NOT Boolean operator. 
An iterative trial and error process of screening was followed using the 
exclusionary terms. The search in Scopus using the final keywords 
(Table 1) yielded 1745 articles. Considering the relevancy to 
hydro-meteorological hazards and NBS types, a title screening resulted 
in 432 articles. Abstracts of these articles were independently screened 
by five of the authors which resulted in 45 most relevant articles for this 
review. Important information about the vulnerability and risk 
assessment methods as well as all indicators presented in the articles 
were extracted into a pre-prepared matrix. Where there was any 
disagreement in extracted information among reviewers, these re-
viewers would return to the article and discuss it further until a 
consensus was reached. 
In addition, a search for relevant grey literature (e.g. reports, policy 
briefs, dissertations) was used to supplement the results of the system-
atic review of journal articles. Using Google Scholar, a simplified and 
targeted search string was employed: (hazard OR risk OR exposure OR 
vulnerable OR vulnerability) AND (“nature-based solution” OR 
“Ecosystem-based disaster risk reduction” OR “Eco-DRR”). The search 
returned 903 results, sorted automatically by Google Scholar in order of 
relevance to keywords. The titles, descriptions, and (if necessary) con-
tent of the first 200 documents were screened, since no relevant addi-
tional literature was found beyond the first 180 hits. Thirteen new 
documents were judged to fit the search criteria used in Scopus. These 
were reviewed by two of the authors, and information inserted in the 
review matrix. In the end, 58 papers including the 45 articles from 
Scopus and 13 from Google Scholar were reviewed for this study. Of the 
58 articles reviewed, 69.0% were peer-reviewed journal articles, 22.4% 
reports, dissertations or theses and 8.6% peer-reviewed book chapters 
(Fig. 1). As for previous reviews on this topic (e.g. Ref. [28,29], most of 
the publications reviewed were recent: 77.6% were published after 
2015, and none published before 2005 (Fig. 1). 
We supplement the systematic literature review with a narrative 
review of key articles that present either conceptual frameworks and/or 
practical applications of risk assessment relevant to NBS, but without 
reference to any specific NBS and thus not captured by the keywords. 
The review of these papers helps to understand the detailed risk 
assessment approach and processes applied in different cases. 
Further, information on the existing risk assessment framework and 
indicators used at the OALs of the OPERANDUM project were collected. 
A total of four Focus Group Discussions (FGD), a questionnaire survey 
with stakeholders (ten respondents) and three meetings with experts 
were carried out in various OALs. This was important for the develop-
ment of the risk assessment framework and identification of indicators 
based on the requirements of implementing NBS. 
Combining the inputs from the literature review and surveys, a 
conceptual framework for vulnerability and risk assessment in the 
context of NBS was developed in addition to a preliminary list of 
indicators. 
3. Review of vulnerability and risk assessment frameworks in 
relation to NBS 
In this section, we present a critical review of existing vulnerability 
and risk assessment frameworks, and gaps in those frameworks in 
relation to NBS. Of the 58 articles reviewed, 38 focused on describing 
and/or implementing vulnerability and/or risk assessments to natural 
hazards. 17 articles focused on ecosystem-based disaster risk reduction 
(Eco-DRR), Ecosystem based Adaptation (EbA) and climate risk man-
agement in general, without actually applying any method or frame-
work for risk assessment. Another three articles [33–35] dealt with 
vulnerability and risk assessment but focused on ecological vulnerability 
to human interference in wetlands and river basins such as water 
pollution, agricultural land degradation. Although these three papers do 
not address natural hazards directly, they provide useful information 
related to indicators. Most of the 38 articles addressed multiple hazards - 
generally hydro-meteorological hazards (23 articles) or a combination 
of two hazards, such as floods and landslides, or floods and droughts 
(eight articles). One paper addressed a variety of natural and anthro-
pogenic hazards. Other papers focused on single hazards: two on land-
slides, two on droughts, one on flood, and one on rock fall. Further, more 
than half of the reviewed papers carried out or considered spatially 
explicit risk assessments. A majority of risk assessments considered 
administrative boundaries such as districts, provinces and regions or 
Table 1 
Categories of search terms and final search string. The search was conducted for 
terms appearing in the title, abstract or keywords.  
Category Search Terms 
Risk components hazard OR risk OR exposure OR vulnerab* 
NBS types “nature-based solution” OR “eco-engineering” OR 
“Ecological restoration” OR “Ecological 
engineering” OR “Forest landscape restoration” 
OR “Ecosystem-based adaptation” OR “Ecosystem- 
based mitigation” OR “Climate adaptation 
services” OR “Ecosystem-based disaster risk 
reduction” OR “Natural infrastructure” OR “Green 
infrastructure” OR “Integrated coastal zone 
management " OR “Integrated water resources 
management” OR “protected area management” 
OR “ecosystem-based management” OR “social- 
ecological" 
Assessment elements assessment OR framework OR model OR tool OR 
concept* OR indic* 
Exclusion criteria: terms in 
title/abstract/keywords 
non-native OR invasive OR ozone OR seismic* OR 
earthquake OR contaminant OR antibiotic OR 
pesticide OR marine OR nuclear OR pm OR 
bacteria* OR toxic* OR metal* 
Exclusion criteria: terms in 
title 
economy OR species* OR urban OR city OR 
pollution 
Exclusion criteria: year PUBYEAR >1990 
Combined Search String 
TITLE-ABS-KEY ((hazard OR risk OR exposure OR vulnerab*) AND (“nature-based 
solution” OR “eco-engineering” OR “Ecological restoration” OR “Ecological 
engineering” OR “Forest landscape restoration” OR “Ecosystem-based adaptation” 
OR “Ecosystem-based mitigation” OR “Climate adaptation services” OR “Ecosystem- 
based disaster risk reduction” OR “Natural infrastructure” OR “Green 
infrastructure” OR “Integrated coastal zone management " OR “Integrated water 
resources management” OR “protected area management” OR “ecosystem-based 
management” OR “social-ecological”) AND (assessment or framework OR model OR 
tool OR concept* OR indic*) AND NOT (non-native OR invasive OR ozone OR 
seismic* OR earthquake OR contaminant OR antibiotic OR pesticide OR marine OR 
nuclear OR pm OR bacteria* OR toxic* OR metal*)) AND NOT TITLE (economy OR 
species* OR urban OR city OR pollution) AND (PUBYEAR > 1990)  
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more localised projects as the spatial scale of assessment. Only a few 
papers (5.2%) focused on more natural boundaries such as river basins 
or watersheds (Fig. 2). 
A wide variety of approaches, models and frameworks (or combi-
nations thereof) have been applied for vulnerability and risk assessment 
to natural hazards in recent years. Predominant approaches used in the 
reviewed articles were indicator/index-based assessments or scoring 
systems (18 articles), followed by modelling/decision support systems 
(13 articles). Some modelling papers also combined index-based ap-
proaches. Other papers presented only conceptual SES frameworks (four 
articles), or other more general conceptual frameworks for risk assess-
ment (two articles). 
From the broader literature, various indicator-based vulnerability 
assessments were developed and implemented at global or national to 
local level. Examples of global or national level risk assessment methods 
include the indicator-based Global Risk Analysis [36], the World Risk 
Index [37], Disaster Risk Index [38,39] and Global Delta Risk Index [8]. 
The global or national level methods are complemented by local level 
participatory risk assessment approaches, such as the Community-Based 
Risk Index [40]. Of the reviewed papers, Asare-Kyei et al. [41] and 
Hagenlocher et al. [8] both applied indicator-based risk assessment 
approaches informed by the multi-hazard risk assessment framework 
[42] and the Delta-SES vulnerability assessment framework [28], 
respectively. Hagenlocher et al. [8] introduced a novel concept of 
developing a so-called modular “indicator library” of hazard-dependent 
and independent indicators, which allows the user to have readily 
available indicators that can be used for specific contexts (e.g. geo-
graphy/hazard combinations) or that can be used interchangeably 
when, for example, data do not exist for one indicator. Apart from 
indicator-based risk assessment approaches, several other tools have 
also been used in the reviewed papers, such as the InVEST models which 
include a coastal vulnerability model [43], CRiSTAL [44] or the more 
recent Coastal Resilience decision-support platform [45]. These tools 
can be used on their own but generally, in the context of complex 
multi-hazards-based risk assessment, are combined with other tools and 
approaches. 
A closer look at some of the influential vulnerability and risk 
assessment frameworks has explored insights of the components of the 
frameworks and their implementation. For example, Turner et al. [26] 
proposed a framework for vulnerability assessment of SES in sustain-
ability science, referred to as the SUST model, which includes elements 
from risk/hazard approaches to vulnerability as well as ecological 
resilience theory into a multiscale (spatial and temporal) model of SES 
vulnerability. The SUST model aims to provide a suitable prototype for 
‘reduced form’ vulnerability analysis considering the limitation of data 
availability of real-world larger complex systems [26]. Damm [46] 
developed and applied a modified SUST framework for vulnerability 
assessment of the SES to floods in Germany. The SUST framework has 
served as an example or basis for many subsequent vulnerability and risk 
assessment frameworks. 
Birkmann et al. [27] developed a vulnerability and risk assessment 
framework (MOVE framework) considering vulnerability, resilience, 
coping and adaptation capacities of SES in the context of natural hazards 
and climate change at different spatial and temporal scales. It empha-
sises that these factors are related to the social-ecological exposure to a 
natural hazard or stressor, the susceptibility of the SES exposed to the 
Fig. 1. Type of publications reviewed (left) and year of publication (right).  
Fig. 2. Scale considered in assessment or when discussing frameworks (left) and percentage of assessments that were spatially explicit (right). ND ¼ Not Determined, 
NA ¼ Not Applicable. 
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hazard or stress, and the resilience and adaptive capacity of the system 
or society. The MOVE framework can be regarded as a conceptual tool to 
be used for guiding systematic risk assessment processes and developing 
indicators. However, the framework does not provide any particular 
methods or a set of indicators for risk assessment [27]. 
Recognising that SES are usually exposed to multiple hazards, 
contemporary risk assessment approaches have addressed multi-hazard 
contexts rather than addressing a single hazard. For example, Kloos et al. 
[42] developed a multi-hazard risk assessment framework with partic-
ular reference to the SES of the Western Sudanian Savanna Zone. This 
framework was built on integrating the relevant elements of the modi-
fied SUST Framework [26,46], the MOVE framework [27], and the 
Ecosystem Stewardship Framework [47]. The framework outlines the 
linkages between hydro-climatic hazards/stressors, shocks and risks, 
environmental and socio-economic factors/stressors, and actual coping 
and adaptation actions at various spatial and temporal scales. Gar-
schagen [48] proposed a similar framework for assessing vulnerability 
to natural and man-made hazards and adaptation in the context of 
changes in climatic, environmental, and socioeconomic conditions, and 
the transformation processes within SES. 
Recognising the necessity of geographical boundary-based vulnera-
bility analysis in the context of multi-hazards, as noted by Kloos et al. 
[42]; Sebesvari et al. [28] proposed the Delta-SES vulnerability assess-
ment framework, which is a visually simple yet broadly inclusive 
framework for multi-hazard vulnerability and risk assessment of river 
deltas. The Delta-SES framework was originally developed to address 
the gap between the ecological and social sub-components in terms of 
their representations in vulnerability and risk assessments. The frame-
work was built on major elements of the risk assessment frameworks 
proposed by Turner et al. [26]; Damm [46]; Kloos et al. [42]; IPCC [49]; 
and Garschagen [48]. The Delta-SES framework considers the relation-
ships of social and ecological sub-systems at various spatial and tem-
poral scales. Although the effect of hazards on SES occurs at all spatial 
scales, the sub-delta scale is considered to be the essential place of the 
vulnerability assessment so that the variations in vulnerabilities among 
the delta sub-regions (e.g. floodplains, coastal zone) affected by various 
natural and anthropogenic hazards can be captured. The Delta-SES 
framework provides a strong basis for indicator-based risk assessment 
as was carried out by Hagenlocher et al. [8]. One of the latest publica-
tions related to climate risk and NBS is a guidebook for climate risk 
assessment, published by GIZ, EURAC & UNU-EHS [50]; focusing spe-
cifically on EbA. The guidebook places stress on understanding and 
establishing the strong linkages between social and ecological systems 
that are needed for implementing EbAs. Among other steps, the 
approach focuses on developing impact chains, choosing indicators to 
characterise the risk components and the identification of EbA solutions 
[50]. 
Some articles from the systematic literature review have proposed 
risk assessment frameworks specifically related to climate risk and NBS 
action in coastal areas. For instance, Arkema et al. [51] developed a 
general framework to demonstrate how an NBS (i.e. marsh restoration) 
can affect the ecosystem structure and function of coastal areas (i.e. 
attenuation of hydrodynamic conditions), which then affects the pro-
visioning services of ecosystems (i.e. avoided erosion and/or flooding) 
and changes societal benefits (e.g. protection of people and assets) 
[51]:8). Bhattachan et al. [52] proposed an SES framework to analyse 
sea-level rise impacts on an island of the east coast of the United States, 
including key components such as social and ecological sub-systems, 
ecosystem services and policy/management decisions. Further, an 
Adaptive Gradient Framework is proposed by Hamin et al. [53] for 
assessing coastal resilience, which incorporates eight metrics (exposure 
reduction, institutional capacity, cost efficiency, ecological enhance-
ment, adaptation over time, greenhouse gas reduction, participatory 
process, and social benefits) used to evaluate projects that can provide 
better coastal resilience. 
The papers reviewed cover a wide range of risk assessments or 
discussions of NBS for disaster risk reduction and climate change 
adaptation. However, very few of the risk assessment frameworks have 
been developed comprehensively in the contexts of implementing NBS 
and linkages with NBS principles. This can be problematic when NBS are 
to be implemented because the provision of multiple benefits these ap-
proaches provide cannot be effectively captured. However, current ap-
proaches can be used to adapt frameworks for the NBS context. Most of 
the recent papers which presented a general framework to inform risk 
assessment had the tendency to build on older approaches (such as on 
the SUST framework of Turner et al. [26]. One of the latest “evolution” 
of such older frameworks is the Delta-SES vulnerability assessment 
framework [28] used by Hagenlocher et al. [8] and which was also 
compared to the Social Vulnerability Index (SoVI) framework of Cutter 
et al. [54] by Anderson et al. Anderson et al. (2019). The Delta-SES 
framework could serve as a basis for developing a vulnerability and 
risk assessment framework in the context of NBS, as it considers equal 
weight to both ecological and social sub-systems of an SES which is 
essential when working with NBS. 
4. Conceptual framework for vulnerability and risk assessments 
of SES in the context of developing NBS 
Considering the geographical and social-ecological contexts of the 
NBS implementation sites of the OPERANDUM project and IUCN’s NBS 
principles, a conceptual framework for vulnerability and risk assessment 
of SES in the contexts of NBS (VR-NBS) is proposed (Fig. 3). The VR-NBS 
framework is built primarily on the main concepts of the Delta-SES 
framework developed by Sebesvari et al. [28]. The version presented 
here is a second iteration, building on the work by Shah et al. [55]. The 
original focus of the Delta-SES framework was to characterise natural 
hazard risks in deltaic environments, but it is not restricted to deltas by 
design. It is also linked to an indicator library presented by Hagenlocher 
et al. [8] which can be extended to the context of the places where NBS 
could be implemented. A major departure from the Delta-SES frame-
work is that we explicitly consider hazard characteristics for the risk 
assessment. Therefore, risk is calculated here as Hazard x Exposure x 
Vulnerability [49,56,57] (Fig. 3). This will allow for a better charac-
terization of risk, introducing probabilities of events of specific magni-
tude affecting exposed areas. We have also changed the basic 
geographical boundary of risk assessment to smaller areas where NBS 
could be implemented, though the areas are part of larger 
sub-catchments and catchments and we recognize that NBS may also be 
implemented at these scales. Furthermore, we did not consider the 
tipping and transformation processes linked to impacts within the SES 
scale presented in the original Delta-SES framework. However, we 
consider the changes in social-ecological systems over time that would 
capture the maturation time lag of the ecological components [58] of an 
NBS, as well as the sustainability of the system with the intervention of 
risk reduction measures such as NBS and others (Fig. 4). 
NBS projects, which are designed in line with NBS principles, are 
usually aimed to reduce risks by modifying hazard characteristics and 
reducing the exposure and vulnerability of SES (Fig. 3). The geograph-
ical boundary of NBS projects is usually confined to smaller landscape 
boundaries (e.g. lake, river floodplain, coastal bay) and related to socio- 
economic activities of local communities. Although the ecosystem and 
local community within the NBS project sites have specific character-
istics, they are linked to sub-catchment or catchment level processes 
through climatic and hydrological cycles as well as government policies. 
Interaction with larger spatial scales should therefore be taken into ac-
count when performing risk assessments. In the proposed VR-NBS 
framework, we considered all the environmental/ecological aspects of 
the NBS project sites within the ‘Ecosystem’ domain, and all the social, 
economic and governance/institutional issues within ‘Social system’ 
domain. The elements within the entire SES of NBS project sites would 
be the basic space of risk assessment. 
The VR-NBS framework considers that the NBS project sites could 
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experience single or multiple hydro-meteorological hazards originating 
either locally or in the surrounding regions. The hazards would be 
characterised by their magnitude, duration, extent and probability of 
occurrence. Different climate change scenarios can also be considered to 
assess changes in the hazard, exposure, and vulnerability components of 
risk (left-hand side of Fig. 3). Although the framework considers only 
“natural” hydro-meteorological hazards in this paper, it could be applied 
in the context of multi-hazards from other natural and anthropogenic 
sources in future research. 
The exposure of the social and ecological elements within NBS 
project sites and their vulnerability to hazards (in various magnitudes 
and frequencies and for different climate change scenarios) determine 
the risks to the SES. The vulnerability of the SES has four domains: social 
susceptibility, ecosystem susceptibility, ecosystem robustness, and 
coping and adaptation capacities of the social system (as per [28]. The 
vulnerability and risk of SES will be influenced by socioeconomic 
change and this can be captured by developing scenarios (lower-right 
corner of Fig. 3). Therefore, the impact of the changes can be considered 
in the vulnerability and risk assessment. 
As NSB projects are designed and implemented based on NBS prin-
ciples with the aim of reducing one or more of the risk domains (hazards, 
exposure, vulnerability), risk assessment in the NBS project site would 
essentially be linked with the NBS principles in a direct or indirect 
manner. Table 2 illustrates further the linkages of NBS principles with 
the risk components shown in Fig. 3. The conceptual understanding of 
integrating NBS principles in the risk assessment will be reflected 
through incorporating suitable indicators for the assessment. The 
framework will also be linked to the IUCN standards and indicators 
Fig. 3. Conceptual framework for vulnerability and risk assessment of SES in NBS project sites in the contexts of NBS (VR-NBS). Adapted from Sebesvari et al. [28]; 
Shah et al. [55]. 
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currently under preparation and to be released in 2020 [20]. 
The VR-NBS framework is designed with an underlying goal of 
increasing the success of NBS projects. In this regard, the framework can 
inform various project phases (Fig. 4). By conducting a risk assessment 
during the design and planning phase, risks can be identified that should 
be targeted by the NBS. Indicators from the framework can be prioritized 
and when repeat assessments are conducted during the maintenance and 
monitoring phase, an indication of the success of the NBS at reducing 
risk becomes possible. Because many NBS rely on the growth of organic 
elements over time which are also dependent on seasonal fluxes, the VR- 
NBS incorporates indicators that are sensitive to seasonality. For this, 
risk must be assessed at multiple snapshots throughout time and during 
different seasons. Wetland restoration, for example, requires time for the 
restored system to become mature and thus fits this description (Fig. 4). 
However, other NBS will immediately reduce risk after implementation 
(e.g. natural water retention basins) and are not sensitive to seasonal 
fluctuation in effectiveness, so the process of using the VR-NBS should be 
carefully considered within different NBS and SES contexts. Sustained 
monitoring (S1 in Fig. 4) is required to ensure that the implemented NBS 
continues to deliver the required risk reduction benefits in the long run. 
It is important to note that the desired risk reduction level of the NBS can 
only be reached and sustained if the NBS principles have been adhered 
to, in particular Principle 3. 
Indicator-based methods [8,41,42]; OECD 2008) can be employed to 
assess vulnerability and risk of SES in the NBS project sites following this 
conceptual framework. Potential indicators for different risk compo-
nents of the framework identified in the study are presented in the 
following section. 
5. Vulnerability and risk assessment indicators 
Building on the work of Shah et al. [55]; we have identified 135 
indicators in the reviewed literature as well as through a questionnaire 
survey and FGD in the NBS project sites (OALs) of the OPERANDUM 
project. These indicators are categorised according to the six main 
components of the VR-NBS framework. The full list of indicators is 
provided in supplementary material-S2 (Table S2). Initially, the litera-
ture review and surveys in the OALs yielded 270 indicators. After 
removal of duplicates, indicators were screened with the selection 
criteria such as relevance to hydro-meteorological hazards, SES of the 
NBS project sites, and the major components of the VR-NBS framework. 
The 135 indicators in Table S2 reflect the final result of the screening 
process and originate from 23 articles (88 indicators) out of the 58 
reviewed and from OAL surveys (47 indicators). From the literature, 
most of the indicators (41%) were taken from three articles [41] (4%) 
[8]; (28%); and [59] (17%)), that are relevant to risk assessment of SES. 
Distribution of the selected indicators among the vulnerability 
components shows that, of the 135 indicators, 24 indicators are related 
to SES exposure, 43 to ecosystem vulnerability and 68 to social 
vulnerability components. A major portion of the indicators (61%) are 
related to the social system, while the rest (39%) are related to the 
ecological system. Proportionally to social system indicators, more in-
dicators linked to the ecological system were found in this review when 
compared to previous reviews (e.g. Refs. [28,29]. This is linked to the 
fact that the review focused on NBS-relevant risk assessments. Never-
theless, social system indicators still outnumber ecological-related in-
dicators. Surveys in the OALs have helped to address this imbalance by 
identifying further ecological indicators. The following sections provide 
further details of the indicators in the different components of the 
VR-NBS framework. 
Fig. 4. Risk levels throughout time (denoted by NBS phases) of an idealized NBS that relies on organic elements to reduce risk. Risk reduction can thus 
fluctuate seasonally. The VR-NBS framework can be applied throughout NBS phases to assess vulnerability and risk and contribute to successful NBS design and 
long-term monitoring and maintenance to achieve sustained and maximum disaster risk reduction capacity. Indicators from the framework can be applied to capture 
changes in seasonality. 
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5.1. Indicators relevant to exposure and vulnerability of ecological 
systems 
The OPERANDUM NBS project sites cover both terrestrial and 
aquatic ecosystems located in diverse geographic regions. Exposure of 
the ecosystems to hydro-meteorological hazards depends on the land 
cover in the NBS project sites. The indicators addressing ecosystem 
exposure include the proportion of land use/ecosystem area exposed to 
different hazards. Hazard specific indicators for measuring ecosystem 
exposure were chosen to address single or multi-hazard contexts in the 
NBS project sites. In addition, general ecosystem types (e.g. urban green 
space, agricultural land) were included as an ecosystem exposure indi-
cator. Examples of some of the indicators related to ecosystem exposure 
are presented in Table 3. 
Ecosystem susceptibility to natural hazards usually depends on the 
status and dynamics of the ecosystem and the status of biodiversity 
within the ecosystem. Ecosystem susceptibility, in terms of status of the 
habitats, could be determined by their level of degradation, fragmen-
tation or destruction. For instance, indicators such as deforestation rate 
(e.g. Ref. [8], soil erosion rate (e.g. Ref. [59,60], and river connectivity 
(e.g. Ref. [8] (Table 3) can measure the status of the habitats in different 
ecosystems. In relation to hydro-meteorological hazards, some impor-
tant hydrological factors, such as status of surface water and ground-
water table influence the susceptibility of both terrestrial and aquatic 
ecosystems. Therefore, hydrological indicators such as groundwater 
level, rates of surface water drainage, river water level, and water 
holding capacity of soil were selected (Table 3). In addition, some water 
quality-related indicators such as water clarity (turbidity) and nutrient 
loading help to define the quality of aquatic habitats. 
While habitat-related indicators were largely used in determining 
ecosystem susceptibility, very few biodiversity related indicators were 
considered in previous studies. Indicators such as population of pro-
tected species and cattle population are identified in this study through 
the surveys in the OALs. Previous studies (e.g. Ref. [61,62] have used 
‘biodiversity scores’ as an overall measure of biodiversity status. 
Ecosystem robustness, i.e. the capability of the ecosystem to adapt with 
changing conditions due to natural hazards, has been addressed by a few 
studies (e.g. Ref. [8]. For SES-type studies, Hagenlocher et al. [8] have 
provided a number of indicators related to ecosystem conservation 
policies, funding, habitat restoration and ecosystem services which 
define robustness of the ecosystem. Some of these indicators include the 
Ecosystem Functionality Index and percentage of wetlands restored 
(Table 3 and Table S2, respectively). Surveys in the OALs have also 
identified indicators related to the robustness of agro-ecosystems such as 
proportion of drought tolerant crops and percent of area with intensi-
ve/extensive agriculture in floodplain (Table 3). 
Many of the ecological indicators such as surface water drainage and 
river water are related to the impact of climate change. Also, some of the 
co-benefits of NBS projects such as carbon sequestration, reducing 
temperature are related to forest cover and wetland conservation which 
Table 2 
Linkages of IUCN’s NBS principles with different components of the VR-NBS 
framework.  
IUCN’s NBS principles [18] Linkage with main components of VR- 
NBS framework 
Principle 1: NBS embrace nature 
conservation norms (and principles) 
(NBS–P1) 
This principle is linked to the ‘ecosystem 
robustness’ component of the 
framework. Nature conservation 
through NBS can enhance ecosystem 
robustness so that the ecosystem can 
maintain its multi-functionality. 
Principle 2: NBS can be implemented 
alone or in an integrated manner with 
other solutions to societal challenges 
(e.g. technological and engineering 
solutions) (NBS–P2) 
This principle is related to overall ‘risk 
within NBS project sites’ component. 
NBS and/or other risk reduction 
measures can be implemented to reduce 
overall risk of SES in the area. 
Principle 3: NBS are determined by site- 
specific natural and cultural contexts 
that include traditional, local and 
scientific knowledge (NBS–P3) 
The framework considers vulnerability 
and risk assessment of SES in the NBS 
project sites, which would guide the 
selection of NBS appropriate to the 
natural and cultural contexts of the site. 
Therefore, the basic space of 
vulnerability and risk assessment, i.e. 
NBS project sites are in line with the 
NBS principle 3. Inappropriate 
consideration of site-specific context 
will inevitably lead to a reduction of the 
risk reduction potential of the NBS (see  
Fig. 4). 
Principle 4: NBS produce societal benefits 
in a fair and equitable way, in a manner 
that promotes transparency and broad 
participation (NBS–P4) 
This principle is associated with ‘coping 
and adaptive capacity’ component. 
Social benefits of NBS would be largely 
demonstrated through increasing social 
coping and adaptive capacity for risk 
reduction by NBS. 
Principle 5: NBS maintain biological and 
cultural diversity and the ability of 
ecosystems to evolve over time 
(NBS–P5) 
This principle is also linked to the 
‘ecosystem robustness’ component. 
Maintaining biological and cultural 
diversity are part of ecosystem 
conservation efforts, which ultimately 
enhance the ecosystem’s ability to 
adjust and continue its functions and 
services. 
Principle 6: NBS are applied at the scale 
at a landscape (NBS–P6) 
Although NBS projects are depicted as 
being implemented at the local scale, 
the risk assessment and design of NBS 
would consider the linkages with 
regional sub-catchment or catchment 
level SES. 
Principle 7: NBS recognize and address 
the trade-offs between the production 
of a few immediate economic benefits 
for development, and future options for 
the production of the full range of 
ecosystems services (NBS–P7) 
The framework emphasises balancing 
social and ecological contexts in the risk 
assessment. By placing equal weight on 
ecosystem components, the framework 
implicitly considers long-term and 
varied ecosystem service benefits. 
Principle 8: NBS are an integral part of 
the overall design of policies, and 
measures or actions, to address a 
specific challenge (NBS–P8) 
The overall policies and risk reduction 
measures for SES management across 
spatial scales are taken into account in 
risk assessment.  
Table 3 
Examples of indicators related to exposure and vulnerability of ecosystems 
identified from the literature review and surveys in the OALs (see Table S2 for a 
full list and corresponding references).  
Risk components and 
categories 
Indicator name 
Ecosystem Exposure 
Exposed area/land use Ecosystems exposed to drought (%)  
Ecosystems exposed to flood (%) 
Ecosystem Susceptibility 
Agriculture Increased use of chemicals and fertilisers (qualitative/ 
quantitative) 
Biodiversity Levels of biodiversity (Scoring or Index)  
Population of protected species (No./m2) 
Habitat degradation Land reclamation rate (km2/yr) 
Habitat destruction Percentage of shoreline eroded (%)  
Soil erosion (RUSLE output)/Erosion rate (mm/year)  
Deforestation rate (km2/yr) 
Habitat fragmentation Forest connectivity (probability of connectivity index 
(PC)) 
Land Protection of land from hazard (% of area) 
Water - natural state Groundwater levels (m)  
Rates of surface water drainage (m3/s) 
Ecosystem robustness 
Agriculture Proportion of drought tolerant crops (% of crop 
production)  
Percent of area with intensive/extensive agriculture in 
floodplain (% of agriculture land) 
Conservation policies/ 
funding 
Government expenditure on environmental protection 
(% expenditure) 
Ecosystem conservation Percentage of area covered by Wetlands of International 
Importance (Ramsar Sites) (%)  
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could be linked to regulation of climate change. As such, the indicators 
will directly or indirectly capture impact of climate change. 
5.2. Indicators relevant to exposure and vulnerability of social systems 
A wide range of socio-economic indicators have been identified from 
the recent literature and surveys in the OALs that represent exposure and 
vulnerability of social systems in NBS project sites. A complete list of 
indicators is provided in supplementary material-S2 (Table S2) and ex-
amples of indicators related to the social system are presented in Table 4. 
Indicators relevant to social exposures are clustered into major cate-
gories such as exposed area, population, infrastructure and services, 
economy, and livestock population (Table 4). While most of the common 
social exposure indicators - for instance, the proportion of total popu-
lation exposed, population exposed to drought and flood - were referred 
to by both the reviewed papers and surveys, some specific indicators 
were suggested by either literature (e.g. proportion of critical physical 
infrastructure [41]) or by the surveys (e.g. proportion of livestock) 
(Table S2). 
The social susceptibility indicators are clustered into several major 
categories in relation to different social aspects or economic sectors. 
Most of the social susceptibility indicators are within the economy and 
infrastructure and services categories. Economic indicators include 
Gross Domestic Product (GDP), poverty, and employment rate 
(Table S2). Although some of the economic indicators (e.g. GDP) may 
not be quantifiable at the local level (NBS project site that covers a small 
area), these are well-recognized measures of economic strength of a 
community. The social susceptibility indicators related to infrastructure 
and services include, for example, dependency on road communication, 
proportion of drainage blocked (Table S2), which were mainly identified 
by the surveys. Some studies have also considered similar susceptibility 
indicators related to infrastructure and services, but used more generic 
terms (e.g. density of infrastructure [8]) which were not included in this 
list as they might not represent clear understanding of susceptibility of 
specific infrastructure in the NBS project sites. Other major social sus-
ceptibility indicators are related to social/societal and demographic 
characteristics, such as population, housing, and land rights, used by 
many reviewed papers (e.g., Refs. [41,63]. Proportion of house owner-
ship [59] and access to land or land ownership [8,59,64] are also crucial 
indicators of social susceptibility as these demonstrate the community’s 
predisposition to experience damage to their homes or land due to 
natural hazards. A composite social indicator, the Human Development 
Index (HDI), usually measured at national level to represent overall 
social contexts, was used by Leal Filho et al. [65] for coastal vulnera-
bility assessment in four countries. The HDI could be used in large OALs 
where socio-economic conditions of the area are comparable to national 
level. 
Regarding coping and adaptive capacities, the reviewed articles and 
the surveys provided a large number of indicators within major cate-
gories such as DRR and emergency services, infrastructure and services, 
information and awareness, and adaptation policies and funding. For 
measuring coping capacity, the majority of the indicators are within the 
DRR and emergency category which consists of indicators such as ex-
istence of hazard/vulnerability/risk maps [8], emergency management 
committee [41,59], early warning system/monitoring, and government 
assistance [59] (Table S2). Several studies and surveys also emphasised 
the availability of infrastructure and services, and access to information 
as determinants of coping capacity, represented by the indicators like 
access to transportation network [8], capacity of engineered structures 
to prevent flooding, and knowledge of hazard causes and prevention 
[59] (Table S2). A few articles and surveys have recognized the role of 
community organizations and social cohesion in strengthening coping 
capacity and have suggested some related indicators such as community 
leadership, mutual assistance [59], participation in decision making 
[64] and degree of collaboration (Table S2). 
The study also identified some indicators related to adaptive capacity 
in major categories such as adaptation planning and finance, conser-
vation policies, and information and awareness. Relevant policy and 
plan development is essential to foster long-term strategic action to 
reduce disaster risks. As such, Hagenlocher et al. [8] and some OALs 
suggested indicators for adaptive capacity such as existence of adapta-
tion policies/strategies, land use policies, and agriculture land use 
planning (Table S2). Further, adequate information and awareness of 
future hazards and risks are also important for adaptation in the long 
term. Hence, knowledge on climate and risks [61] is considered as an 
adaptive capacity indicator. 
5.3. Relationship of the indicators to NBS principles 
Some of the vulnerability and risk assessment indicators identified in 
this study are closely linked to the IUCN’s principles for NBS [18]. As 
discussed earlier, NBS principles were mapped to the different compo-
nents of the VR-NBS framework (Table 2). Likewise, the indicators for 
different SES exposure and vulnerability domains are related to the NBS 
Table 4 
Examples of indicators related to exposure and vulnerability of social 
system identified from the literature review and surveys in the OALs (for 
references, please see Table S2).  
Risk components and 
categories 
Indicator Name 
Social System Exposure 
Economy Proportion of businesses exposed to hazards (%) 
Exposed area/land use Proportion of residential area (ha) 
Exposed buildings Proportion of properties/buildings in hazard prone 
area (%) 
Exposed population Proportion of total population exposed to multiple 
hazards (%)  
Population exposed to floods (%) 
Infrastructure and services Proportion of critical physical infrastructure (%) 
Livestock Proportion of livestock in OAL (%) 
Social Susceptibility 
Agriculture Agricultural crop production (ton per yr) 
Economy GDP per capita (US$ per capita)  
Poverty (% of population) 
Population Population density (inhab/km2) 
Housing Proportion of house ownership (% of households) 
Information/awareness Education level (N/S) 
Infrastructure and services Proportion of drainage blocked (% of drainage area 
coverage) 
Land rights/ownership/ 
management 
Access to land or land ownership (% of households) 
Social context Human Development Index (rating low, medium, high) 
(HDI score) 
Coping capacity 
DRR and emergency 
services 
Existence of hazard/vulnerability/risk maps (yes/no)  
Food stocks (months per household) 
Information/awareness Knowledge of hazard causes & prevention (N/S) 
Infrastructure and services Access to social services (N/S)  
Access to transportation network (Density of 
transportation network) (road (km) per 1000 
population) 
Livelihood Alternative livelihood (% of households) 
NGOs and community 
organizations 
Community leadership (N/S)  
Mutual assistance (N/S) 
Previous experience of 
hazard 
Previous disaster experience (N/S) 
Adaptive capacity 
Adaptation planning and 
finance 
Existence of adaptation policies/strategies (yes/no)  
Presence of land use policies (yes/no) 
Agriculture Agriculture land use planning (yes/no) 
Conservation policies/ 
funding 
State policy on forest designation (yes/no) 
Water - human use Volume of water storage in a safe reservoir/container 
(m3)  
Managed sharing and allocation of water (N/S)  
M.A.R. Shah et al.                                                                                                                                                                                                                              
International Journal of Disaster Risk Reduction 50 (2020) 101728
10
principles. For instance, the indicators measuring the level of ecosystem 
conservation under the ecosystem robustness component of vulnera-
bility assessment are linked to the first principle for NBS, i.e., embracing 
nature conservation [18]. Some of the indicators determining ecosystem 
robustness such as percentage of wetland restored are also related to the 
fifth principle for NBS (maintain biological diversity and the ecosystem). 
The second NBS principle (implemented alone or combined with other 
solutions) can be related to some NBS project sites where indicators such 
as area protected by structural measures (see Table S2) would be used to 
determine coping capacity and performance of NBS for reducing im-
pacts. The third NBS principle (determined by site-specific natural and 
cultural contexts and knowledge) is generally relevant to all the in-
dicators as these are sorted out in the contexts of specific locations, i.e. 
the NBS project sites. And, most of the indicators related to social coping 
and adaptive capacity (Table S2) are linked to the fourth principle for 
NBS (producing societal benefits). The sixth NBS principle (application 
of NBS at landscape scale) may not be directly related to some NBS 
project sites which have a smaller area than others; nevertheless, 
considering social, political, economic and environmental factors 
outside the place of NBS implementation remains critical. In the case of 
large project sites, the indicators such as river connectivity and forest 
connectivity under ecosystem susceptibility could be linked to the sixth 
principle. The seventh principle for NBS (addressing trade-off between 
economic benefit and future ecosystem services) is not related to 
particular indicators; instead, the balanced trade-off will be achieved by 
ensuring equal weighting for social and ecological indicators in risk 
assessment using the VR-NBS framework. Finally, the adaptation plan-
ning and conservation policy related indicators such as presence of land 
use policies, state policy on forest designation under adaptive capacity 
(Table 4) are associated with the eighth NSB principle (an integral part 
of the overall policies and actions). 
5.4. Application of the framework 
Together with the indicator library, the framework avoids the 
development of a “one size fits all” set of indicators for all OAL contexts. 
Core indicators are being selected that are applicable to all OAL sites and 
these are complemented with OAL-specific sets of indicators that allow 
for addressing the specific risks in each OAL. The aggregation method is 
similar to that of Hagenlocher et al. [29] but with the addition of the 
hazard component. The assessment will provide equal weights to the 
main components of the risk equation. Initially, each indicator will be 
given equal weights, but stakeholder consultations in all OAL sites will 
allow for the determination of whether different weights need to be 
applied to different indicators. Data for the indicators will be collected 
from different primary and secondary sources. All the data as well as 
vulnerability and risk assessment results will be stored in the Geospatial 
Information Knowledge Platform (GeoIKP) of the OPERANDUM project. 
6. Discussion and conclusions 
This paper presents a systematic review of vulnerability and risk 
assessment frameworks and indicators, and proposes an updated 
vulnerability and risk assessment framework in the context of NBS to 
hydro-meteorological hazards (VR-NBS framework) as well as a pre-
liminary set of indicators. A review of 58 articles confirmed that there is 
a growing tendency of developing risk assessment frameworks that 
consider both social and ecological dimensions of risk, and that only few 
studies have developed comprehensive SES-type risk assessment 
frameworks (e.g. Ref. [27,28,52]. Our review also confirms that there is 
an imbalance in consideration of social and ecological contexts (in the 
form of indicators) in most of the existing vulnerability and risk 
assessment frameworks. It is important to address this imbalance as 
ecosystem-based approaches provide multiple benefits [18] that are 
relevant to the entire risk equation (i.e. reducing hazard characteristics, 
exposure and vulnerability of SES). Another important feature of NBS is 
linked to the temporal dimension of risk reduction (i.e. project phases, 
seasonality) [58] which is not captured in the existing risk assessment 
frameworks. The proposed indicator-based VR-NBS framework (Fig. 3) 
is designed to overcome the above limitations by depicting temporality 
and including indicators capable of its assessment. The framework has 
conceptually incorporated the principles for NBS [18] which can be 
enhanced through the inclusion of relevant indicators, an area requiring 
further research. 
We have built on previous research and continue to develop an ‘in-
dicator library’ [28] with possible indicators related to SES vulnerability 
and multi-hazard contexts. A total of 135 indicators (Table S2) were 
selected from reviewed papers and surveys in the OALs. Social indicators 
outnumbered the ecological indicators to some extent. Further ecolog-
ically relevant indicators need to be explored through ad-hoc data 
collection techniques to fill the gap. Contextualising the indicators to the 
smaller areas (NBS project sites, e.g. OALs) might have eliminated some 
essential indicators that could be applicable in large regions (e.g. ‘floo-
ded area within delta’ used by Ref. [66] for delta environments). 
Further, the indicator list only includes those that are relevant to a 
limited number of hydro-meteorological hazards (i.e. flood, drought, 
landslide, storm surge, and salinity intrusion) that are dominant in NBS 
project sites of the OPERANDUM project, and not other 
hydro-meteorological hazards such as cyclone, hailstorms, tornados, 
heavy snowfall that could be relevant in other contexts. Therefore, the 
proposed indicator library can be expanded in the future. While the 
‘indicator library’ provides a readily available reference for the NBS 
projects, not all the indicators are applicable to each NBS project site 
because each site experiences different types of hazards and has 
different SES dynamics. Therefore, the list of indicators will require 
further revision to maintain consistency with the contexts of the NBS 
project site. The framework provides flexibility while keeping the core 
components of risk assessment and can be adapted to different SES 
contexts, for different hazards and for different types of NBS. 
As for all risk assessments, the main challenge for implementing the 
conceptual framework will be to obtain data for the indicators that 
determine the multiple hazards, exposure and vulnerability of SES at 
NBS project sites. Particularly, data collection for indicators relating to 
the direct and indirect effects on vulnerability components such as 
ecosystem susceptibility and robustness which are closely linked to 
determining the cost and benefits of an NBS project will be challenging 
due to a lack of adequate studies as well as unavailability of historical 
records. Further, downscaling of regional catchment or sub-catchment 
level information will be required to generate information for local 
scale NBS projects, along with conducting primary data collection for 
some indicators where existing data are not available. 
Despite the limitations, the proposed VR-NBS framework and indi-
cator library provide a basis for vulnerability and risk assessment in the 
context of NBS, which can be further developed through practical 
application and customized to specific contexts and stakeholders’ needs. 
The framework is being tested within the OPERANDUM project and the 
indicator library expanded over time. 
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